Abstract RWI_TOPO_2015 is a new high-resolution spherical harmonic representation of the Earth's topographic gravitational potential that is based on a refined Rock-Water-Ice (RWI) approach. This method is characterized by a three-layer decomposition of the Earth's topography with respect to its rock, water, and ice masses. To allow a rigorous separate modeling of these masses with variable density values, gravity forward modeling is performed in the space domain using tesseroid mass bodies arranged on an ellipsoidal reference surface. While the predecessor model RWI_TOPO_2012 was based on the 5 0 Â 5 0 global topographic database DTM2006.0 (Digital Topographic Model 2006.0), the new RWI model uses updated height information of the 1 0 Â 1 0 Earth2014 topography suite. Moreover, in the case of RWI_TOPO_2015, the representation in spherical harmonics is extended to degree and order 2190 (formerly 1800). Beside a presentation of the used formalism, the processing for RWI_TOPO_2015 is described in detail, and the characteristics of the resulting spherical harmonic coefficients are analyzed in the space and frequency domain. Furthermore, this paper focuses on a comparison of the RWI approach to the conventionally used rockequivalent method. For this purpose, a consistent rock-equivalent version REQ_TOPO_2015 is generated, in which the heights of water and ice masses are condensed to the constant rock density. When evaluated on the surface of the GRS80 ellipsoid (Geodetic Reference System 1980), the differences of RWI_TOPO_2015 and REQ_TOPO_2015 reach maximum amplitudes of about 1 m, 50 mGal, and 20 mE in terms of height anomaly, gravity disturbance, and the radial-radial gravity gradient, respectively. Although these differences are attenuated with increasing height above the ellipsoid, significant magnitudes can even be detected in the case of the satellite altitudes of current gravity field missions. In order to assess their performance, RWI_TOPO_2015, REQ_TOPO_2015, and RWI_TOPO_2012 are validated against independent gravity information of current global geopotential models, clearly demonstrating the attained improvements in the case of the new RWI model.
Introduction
Global high-resolution digital terrain models (DTMs) provide precise information on Earth's topography. By applying gravity forward modeling (GFM), this data can be used to determine the Earth's topographic potential, i.e., the gravitational potential generated by the attraction of the Earth's topographic masses. These encompass the rock, water, and ice masses of the continents, oceans, lakes, and ice sheets. With respect to a regularized Earth model, the topographic potential combines the positive effect of the mass excesses above a specified reference surface, e.g., the ellipsoid or geoid, and the negative effect of mass deficits below this surface. While the topographic potential contributes to all spectral scales of the gravity field, it particularly contains short wavelengths. This spectral characteristic makes the topographic potential and related functionals valuable for various applications in geodesy and geophysics.
On the one hand, many calculation methods in physical geodesy are embedded in a remove-compute-restore framework, where topography information is used to smooth gravity field observations, achieving a numerically stabilized interpolation and field transformation (Forsberg 1984, Sect. 4) . Such a procedure is frequently used for the harmonic downward continuation of airborne and satellite-based measurements (Novák et al. 2003; Janák et al. 2014; Grombein et al. 2014a) or gravimetric (quasi-)geoid determination (Omang and Forsberg 2000) .
On the other hand, topography information can also be used for the spectral extension of band-limited measurements or global geopotential models (GGMs), e.g., using residual terrain modeling (Forsberg and Tscherning 1997) to reduce the omission error of satellitebased GGMs. Moreover, topography-implied gravity can be utilized to refine the spatial resolution of terrestrial data sets. This is particularly important in regions where no or only limited gravity data is available, as in Africa (Abd-Elmotaal et al. 2015) . In this context, topography-implied gravity data is used as fill-in information for the construction of highresolution regional and global geopotential models, like the Earth Gravitational Model 2008 (EGM2008, Pavlis et al. 2012) .
Moreover, topographic information can be used to construct a synthetic Earth gravity model (Kuhn and Featherstone 2005; Baran et al. 2006) or to assess the performance of satellite-based and combined GGMs (Tsoulis and Patlakis 2013; . Last but not least, topographic mass reductions are required for the geoid determination based on Stokes' problem (Heiskanen and Moritz 1967, Sect. 3) .
In geophysical studies, topographic corrections of gravity field observations are used to interpret crustal structures (Ebbing et al. 2001; Tenzer et al. 2012) , to analyze mass anomalies in the Earth's interior (Wieczorek 2007) , or to perform a general lithospheric modeling (Bouman et al. 2015) . Furthermore, global information of the topographic potential has been combined with GGMs to generate global Bouguer gravity maps (Balmino et al. 2012; Claessens and Hirt 2013) .
Generally, the Earth's topographic potential V Topo can be represented by Newton's integral (Heiskanen and Moritz 1967, p. 3):
where G ¼ 6:672 Á 10 À11 m 3 kg À1 s À2 denotes Newton's gravitational constant, q ¼ qðQÞ is the location-dependent mass density function, and ' ¼ 'ðP; QÞ is the Euclidean distance between the attracted computation point P and the running integration mass point Q. The integration domain X extends over the topographic masses, requiring global information on the Earth's geometry and its mass density distribution.
As V Topo is a harmonic function outside X, Newton's integral in Eq.
(1) can be expanded into a series of solid spherical harmonics for P 6 2 X. By using geocentric spherical coordinates ðr; u; kÞ, this spherical harmonic expansion is expressed by Heiskanen and Moritz (1967, p. 59) : 
where GM is the geocentric gravitational constant, R is the radius of a reference sphere, Y C nm and Y S nm are the fully normalized surface spherical harmonic functions of degree n and order m, and C Topo nm and S Topo nm are the fully normalized spherical harmonic (SH) coefficients. A major advantage of the representation in terms of spherical harmonics is that the coefficients can be used to efficiently calculate various functionals of the topographic potential in different heights (e.g., Barthelmes 2013 ). In the following, a set of SH coefficients (C Topo nm ; S Topo nm ) up to a maximum degree N max is called a topographic gravity field model (or topographic potential model).
According to the representations in Eqs.
(1) and (2), different GFM methods have been proposed that can be classified by space and frequency domain techniques (e.g., Kuhn and The results of both GFM methods, i.e., potential values or coefficients, can be converted to each other by means of spherical harmonic analysis (SHA) and synthesis (SHS) Seitz 2005 ). In Fig. 1 , a general processing scheme for GFM in both domains is presented and is briefly described in the following. By using space domain GFM, Newton's integral in Eq. (1) is evaluated by a mass discretization. In the first step, the integration domain X is decomposed into elementary mass bodies according to the grid resolution of the used DTM. Based on the specific application, various mass bodies like point-masses, prisms, or tesseroids can be used (e.g., Nagy et al. 2000; Heck and Seitz 2007; Wild-Pfeiffer 2008; Grombein et al. 2013) . Usually, each DTM grid element is represented by one mass body. In the second step, the gravitational potential of each individual mass body is calculated analytically or by approximate solutions. In the third step, the total topographic potential V Topo is calculated as the sum of the potential values of all individual mass bodies (superposition principle).
For frequency domain GFM, Newton's integral in Eq. (1) is evaluated through a transformation into the frequency domain (Rummel et al. 1988; Wieczorek 2007; Hirt and Kuhn 2012) . In the first step, surface SH coefficients of global gridded DTM heights and its integer powers are calculated via spherical harmonic analysis (SHA) for each integer power. In the second step, the solid SH coefficients (C Topo nm ; S Topo nm ) of the topographic potential are calculated based on a series expansion of the inverse distance, involving the surface SH coefficients obtained from the DTM heights. In the third step, the derived set of SH coefficients (C Topo nm ; S Topo nm ) can be used to calculate the topographic potential via spherical harmonic synthesis (SHS) according to Eq. (2).
It is acknowledged that there are other GFM approaches that do not directly fit in this general classification, such as Gruber et al. (2014) and Abd-Elmotaal and Kühtreiber (2014) .
In order to generate topographic gravity field models, frequency domain GFM is commonly applied as these techniques directly provide the desired SH coefficients (e.g., Rummel et al. 1988; Balmino et al. 2012; Hirt and Kuhn 2012) . However, frequency domain methods suffer from some drawbacks, which are pointed out in the following. Due to the nature of spherical harmonics, frequency domain GFM is generally limited to a spherical approximation, i.e., topographic masses are arranged on a spherical reference surface. As this is insufficient for current high-resolution applications, Claessens and Hirt (2013) proposed a new spectral approach taking into account an ellipsoidal approximation. Moreover, almost all frequency domain approaches are restricted to the use of one mass layer of constant density. In order to account for variable density values of different terrain types, the concept of rock-equivalent heights (REQ) is widely used, in which the DTM heights of water and ice masses are condensed to a constant rock density (e.g., Rummel et al. 1988; Kuhn and Seitz 2005; . The shortcoming of such an approach is a changed geometry with considerable mass displacements, as noted by Tsoulis and Kuhn (2007) . Due to the distance dependency, this has also an impact on any gravity field functional.
In contrast to the above-mentioned limitations, the consideration of an ellipsoidal mass arrangement and the use of different mass layers is straightforward when using GFM in the space domain. For a more realistic modeling, Grombein et al. (2010 Grombein et al. ( , 2011 developed the Rock-Water-Ice (RWI) approach based on GFM in the space domain. This method is characterized by a three-layer decomposition of the topography that enables a rigorous separate modeling of rock, water, and ice masses with layer-specific density values. In this context, SH coefficients of the topographic potential are obtained in a two-step sequence: In the first step, GFM is performed in the space domain by using tesseroid mass bodies (Grombein et al. 2013 ). In the second step, global gridded topographic potential values are transformed to the frequency domain by using SHA (e.g., Sneeuw 1994; . By applying this RWI approach to the 5 0 Â 5 0 global topographic database DTM2006.0 , the topographic gravity field model RWI_TOPO_2012 up to degree and order (d/o) 1800 has been generated by Grombein et al. (2014a) . Moreover, taking into account deeper lying compensation masses, a modified Airy-Heiskanen concept has been applied to calculate the consistent isostatic gravity field model, RWI_ISOS_2012, as well as a combined topographic-isostatic gravity field model, RWI_TOIS_2012.
According to Grombein et al. (2014b) , the models of the RWI_2012 suite have originally been created for smoothing gravity gradients as measured by the satellite mission Gravity field and steady-state Ocean Circulation Explorer (GOCE, Rummel et al. 2011 ), but have also been used in a wide range of applications. For generating the combined gravity field model GOCO05c, Fecher et al. (2015 Fecher et al. ( , 2016 use topography-induced gravity anomalies of the RWI model to fill gaps in the global gravity coverage. To analyze the structure and state of stress of the Chilean subduction zone, Gutknecht et al. (2014) utilize the RWI model to derive topographically reduced gravity gradients of the satellite-based GOCO03s model (Mayer-Gürr et al. 2012) . Bouman et al. (2016) make use of the RWI model to derive topographic mass reductions for GOCE gravity gradient grids, as used in geophysical applications. Furthermore, in some studies the RWI model has been applied as a reference for an independent validation (e.g., Novák and Tenzer 2013; Pitonák et al. 2016) .
In the present paper, the RWI approach is developed further and a new topographic gravity field model called RWI_TOPO_2015 is presented, which is based on updated topographic input data of the Earth2014 model . In contrast to RWI_TOPO_2012, the new model provides SH coefficients up to d/o 2190, additionally featuring separate SH coefficients for the rock, water, and ice proportions. Moreover, the ellipsoidal arrangement of the topography is refined by a geoid model (cf. Sect. 2.1). To see the additional benefit of the RWI method, a consistent rock-equivalent version of the model, called REQ_TOPO_2015, has been generated. This allows a detailed comparison of both approaches. In Table 1 , the main features of the new RWI model are presented and compared to those of other topographic gravity field models.
The paper is organized as follows: in Sect. 2, the updated Rock-Water-Ice method is presented and adapted formulas for space domain GFM and SHA are derived. The used topographic input data is described in Sect. 3. While Sect. 4 provides detailed information on the processing, in Sect. 5 the main characteristics of the new RWI_TOPO_2015 model 
Method

RWI-Based Topographic Model
The RWI approach as proposed by Grombein et al. (2014a) is based on a three-layer decomposition of the Earth's topography with respect to its rock, water, and ice masses. The basic idea is that the masses of each terrain type, e.g., land topography, oceans, lakes, ice sheets and shelves can consistently be described by a vertically arranged (1) rock, (2) water, and (3) ice proportion. As schematically shown in Fig. 2 , the sequence of these masses is the same for each terrain type; however, some mass types may be lacking. Such a RWI-based topographic model allows a rigorous separate GFM of the rock, water, and ice masses with layer-specific density values. This prevents geometry changes and mass displacements, occurring in conventional rock-equivalent methods.
For the RWI approach, a global DTM is needed that provides the heights ðh RWI 1 ; h RWI 2 ; h RWI 3 Þ, corresponding to the upper boundary surfaces of the rock, water, and ice masses (see Fig. 2 ). While the previous RWI_TOPO_2012 model is based on the 5 0 Â 5 0 global topographic database DTM2006.0, the new model uses updated topographic information of the 1 0 Â 1 0 Earth2014 model, as described in Sect. 3. Furthermore, the applied layer-specific density values ðq 1 ; q 2 ; q 3 Þ are slightly modified, particularly accounting for the difference in salt-and freshwater density (see Table 2 ).
To correctly locate the topographic masses in space, the ellipticity of the Earth's shape is taken into account. Therefore, the used reference surface is defined by Fig. 2 Schematic representation of the RWI-based topographic model and the composition of different terrain types by rock, water, and ice masses. The reference surface is defined by the mean sea level (MSL)
where, as in Heck (2003, p. 68) ,
is the latitude-dependent radius of a reference ellipsoid (e.g., GRS80, Moritz 1980), parameterized by the semi-major axis a and the square of the second numerical eccentricity e 02 . Moreover, N denotes an additionally considered geoid undulation as can be obtained from a GGM by using SHS. By using Eq. (3), the geocentric radii of the upper boundary surfaces of the rock, water, and ice masses are approximated by
REQ-Based Topographic Model
In addition to the RWI-based topographic model, a consistent rock-equivalent (REQ) variant is introduced. Here, DTM heights are condensed such that their associated mass elements correspond to an equivalent mass of rock density (e.g., Rummel et al. 1988; Kuhn and Seitz 2005) .
To allow a more detailed comparison, the rock-equivalent condensation is performed separately for the water and ice masses. Therefore, for each mass layer s 2 f1; 2; 3g the following mass conservation condition is applied: Employing a spherical approximation, Eq. (6) can be formulated directly for geocentric radii as
Note that each rock-equivalent mass layer is situated on the surface of the layer underneath, thus preventing any gap in between.
Solving Eq. (7), the rock-equivalent geocentric radii can be recursively calculated using 
The corresponding rock-equivalent heights are then obtained by
Gravity Forward Modeling Based on Tesseroids
For space domain GFM, the information of the RWI-and REQ-based topographic models has to be represented by vertically arranged mass bodies for each grid element. For this purpose, tesseroid mass bodies as introduced by Anderson (1976) are used in the following. Considering geocentric spherical coordinates (r; u; k), tesseroids are bounded by a pair of concentric spheres (r 1 = const., r 2 = const.), a pair of meridional planes (k 1 = const., k 2 = const.), and a pair of coaxial circular cones defined by the parallels u 1 = const., u 2 = const. (see Fig. 3 ).
Tesseroids directly take the curvature of the Earth into account, which is particularly beneficial for regional and global applications. Several publications that studied the use of tesseroids have shown its advantages in comparison to classical prism approaches (e.g., Heck and Seitz 2007; Wild-Pfeiffer 2008; Grombein et al. 2013) .
Based on Newton's integral in Eq. (1), the gravitational potential V Ã of a tesseroid with a constant mass density q can be represented by
where ' ¼ 'ðP; QÞ denotes the Euclidean distance between the computation point Pðr; u; kÞ and the running integration point Qðr 0 ; u 0 ; k 0 Þ. Fig. 3 Geometry of a tesseroid used for the space domain GFM (Heck and Seitz 2007) As the integration with respect to k 0 and u 0 comprises elliptical integrals, Eq. (10) cannot be solved in closed analytical form. Alternatively, a numerical evaluation can be achieved by means of expanding the integral kernel of Eq. (10) in a Taylor series
where
are the partial derivatives of the integral kernel K evaluated at the Taylor point Q 0 r 0 ; u 0 ; k 0 ð Þ that will be fixed at the geometrical center of the tesseroid, i.e., (11) into Eq. (10) and using the substitutions r
where Dr ¼ r 2 À r 1 , Du ¼ u 2 À u 1 , and Dk ¼ k 2 À k 1 denote the dimensions of the tesseroid. Due to the special choice of the Taylor point Q 0 , any terms of odd order i, j, or k cancel out after performing the integration in Eq. (13), cf. Heck and Seitz (2007) . For the integration with respect to r Ã , and analogously u Ã and k Ã , it follows that
Therefore, after performing the integration in Eq. (13), only terms with even order remain in the summation. Finally, the tesseroid potential in a ðs þ 1Þ-th order approximation can be calculated by
and 2N 0 ¼ f2m : m 2 N 0 g is the index set of all even natural numbers. In the following, Eq. (15) is evaluated with s ¼ 2, achieving a fourth-order error in the spatial coordinates of the integration point. For this case, optimized evaluation rules and an analysis concerning the approximation error due to the omitted Taylor residual are presented in Grombein et al. (2013 ). Surv Geophys (2016 For the RWI approach, Eq. (15) is used in combination with the superposition principle under the assumption that the height information is parameterized in terms of geocentric spherical coordinates
where Du ¼ 180 =v n and Dk ¼ 360 =w m . The topographic potential generated by the RWI-based rock, water, and ice masses can then be calculated separately as the sum of the impact over all individual tesseroids of the specific layer s 2 f1; 2; 3g:
where for each grid element (v,w)
defines the radial dimension of the masses and
its geometrical center as required for the Taylor series approach. For readability, the indices v and w are omitted in Eqs. (20) and (21). The total RWI-based topographic potential is calculated as the sum of their rock, water, and ice proportions:
Analogously, the potential generated by the REQ topographic mass layers is obtained by
The total REQ-based topographic potential is then determined by 
and P nm denote the fully normalized associated Legendre functions of the first kind (ALFs). However, for a practical computation, Eq. (27) cannot be used directly, since V Topo ðr; u; kÞ would be needed as a continuous function, defined over the whole globe. Therefore, many SHA approaches make use of a discretization of Eq. (27) and applying fast Fourier transform techniques, see Sneeuw (1994) for an overview of methods.
The SHA approach that is used in the following is a least-squares technique for gridded data as described and analyzed in . It requires data sampled on a regular global grid parameterized by I equally spaced parallels and J equally spaced meridians. In terms of geocentric spherical coordinates, the nodes of such a grid can be defined by the points P ij r i ; u i ; k j À Á with
where Du ¼ 180 =I and Dk ¼ 360 =J. The surface on which the data is given can be a sphere, an ellipsoid, or theoretically any rotationally symmetric star-shaped surface. In the case of a sphere, the geocentric radii are set to a constant spherical radius r i ¼ R, while in the case of an ellipsoidal surface they are calculated by
In the first step of the SHA approach, a discrete Fourier transformation of the gridded data is performed for each parallel. The derived Fourier coefficients are then used as observations in a least-squares approach to estimate the desired SH coefficients. In this context, functional relations among the base functions of Fourier and spherical harmonic coefficients are utilized. For the explicit formulation of this approach, the reader is referred to .
The maximum degree N max of the SH coefficients that can be derived by this method is limited by the number of meridians I and parallels J of the grid, i.e.,
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Particularly, when performing SHA up to ultra-high degrees, the numerical stability of the used algorithm for the calculation of the ALFs may limit the maximum degree, as noted by Wittwer et al. (2008) . For example, in the case of the previous RWI_TOPO_2012 model a maximum degree of N max ¼ 2190 would have been possible; however, the derived SH coefficients were restricted to d/o 1800, mainly due to the numerical instability of the used ALF algorithm according to Thong (1989) . Thus, for the new RWI model, an improved ALF algorithm based on Holmes and Featherstone (2002) is used that provides numerical stability for calculations up to d/o 2700.
Input Data
The used global Earth2014 topography model comprise information of the Shuttle Radar Topography Mission (SRTM) in terms of the 7:5 00 Â 7:5 00 SRTM v4.1 model for continents and islands between AE60 latitude (Jarvis et al. 2008 ) and ocean and lake bathymetry of the 30 00 Â 30 00 SRTM30_PLUS v9 model (Becker et al. 2009 ). Moreover, bedrock and ice sheet data for Antarctica and Greenland are obtained from the 1-km resolution grids of the Bedmap2 (Fretwell et al. 2013 ) and GBT v3 model (Greenland Bedrock Topography, Bamber et al. 2013) .
By combining this topographic information, Earth2014 provides 1 0 Â 1 0 global gridded data on surface elevations h SUR , bedrock elevations h BED , and ice thickness t ICE . Each grid element of the model is classified into one of the following terrain types tt: (0) land topography above mean sea level (MSL), (1) land topography below MSL, (2) ocean bathymetry, (3) inland lake (bedrock above MSL), (4) inland lake (bedrock below MSL), (5) ice cover (bedrock above MSL), (6) ice cover (bedrock below MSL), (7) ice shelf, (8) ice covered lake.
In Fig. 4 , the global bedrock elevations h BED contained in the Earth2014 model are compared to those of the formerly used 5 0 Â 5 0 DTM2006.0 model . For this comparison, the heights and depths of DTM2006.0 are interpolated to a 1 0 Â 1 0 resolution. As can be seen from the differences, Earth2014 provides regionally refined bathymetric depths mainly due to new ship sounding measurements and significantly improved bedrock information under the ice masses of Greenland and Antarctica. For the remaining continental parts, the differences are considerably smaller as both models are based on the same SRTM data for surface elevations. However, the effect of the higher spatial resolution in the case of Earth2014 can clearly be seen in regions with highly variable topography such as the Himalaya and the Andes, but also in the deepest continental rift forming Lake Baikal. As can be expected and seen from Table 3 , Earth2014 provides significantly larger extreme values due to its higher spatial resolution, while the mean values and standard deviations (STDs) for both models are nearly equal. Regionally, the differences reach maximum amplitudes up to AE4000 m, while the global mean value is just À4 m with a standard deviation of 131 m.
The gridded height information of the Earth2014 model is parameterized in terms of geodetic coordinates
with respect to the GRS80 reference ellipsoid (Moritz 1980) , where DB ¼ DL ¼ 1 0 , v n ¼ 10800, and w m ¼ 21600. In order to use the information of the Earth2014 model for the RWI approach, the geodetic coordinates are transformed to corresponding geocentric spherical coordinates (e.g., Heck 2003, p. 69) :
where e 02 is set according to the parameter of the GRS80 ellipsoid. Furthermore, to obtain the reference surface radius R 0 as defined by Eq. (3), the parameters of the GRS80 ellipsoid are used as well as a global grid of geoid undulations N derived by SHS. For this purpose, the EGM96 geopotential model (Lemoine et al. 1998 ) is used as it also provides the reference for the SRTM elevation data (cf. Farr et al. 2007 ).
The height information of the different Earth2014 grid layers can then be used to describe the geocentric radii of the upper boundary surfaces of the rock, water, and ice masses by setting
In combination with the specified density values in Table 2 , the assignment in Eq. (36) is globally valid. Hence, no further distinction of terrain types is necessary for calculating the rock, water, and ice proportions of the RWI-based topographic potential via Eq. (19). The effect on the potential can be interpreted as follows. In a first step, the water masses of the ocean are removed with q 2 (positive effect), while in the second step, the resulting mass deficit is filled with rock of density q 1 (negative effect). Therefore, by using the . For all plots, the same color bar is used, where grid elements with a zero dimension are indicated by white color. Robinson projection centered at 0 longitude assignment in Eq. (36), the gravitational impact of the oceans depends on both, the rock and the water signal.
As an alternative, the ocean masses can be represented by a single tesseroid using the rock-water density contrast. The resulting effect is then assigned to the water proportion, achieving a more meaningful separation of the impact of the rock and water masses. Moreover, this is also computationally more efficient than evaluating two tesseroids.
By using the Earth2014 terrain types tt specified above, this strategy can be implemented by setting
and using the following layer-specific density values:
This assignment that is used in the following differs from Eq. (36) only in the separation of the rock, water, and ice masses. Thus, it is important to note that the total RWI-based topographic potential as the sum of the three components according to Eq. (22) is equal for both assignments. Figure 5 illustrates the RWI-based radial dimensions Dr RWI s of the rock, water, and ice masses. Additionally, the dimensions of the rock-equivalent masses Dr (8) and (24) are plotted and the corresponding statistics are provided in Table 4 .
In the case of the rock masses as shown in Fig. 5a , the RWI and REQ methods provide the same radial dimensions, i.e., Dr are plotted in Fig. 5b . For the oceans, they correspond to the bathymetric depths, having a minimum value of À10847 m. Moreover, positive values can be associated to ocean water masses under ice shelves or the water masses of the major inland lakes, where a maximum value of 1630 m is reached in the case of Lake Baikal. In contrast, the radial dimensions of the REQ-based water masses Dr REQ 2 provide considerably smaller extreme values of À6658 and 611 m (see Table 4 ). Due to the rock-equivalent condensation, the sea floor of the oceans rises by about 60 %, as can clearly be seen in Fig. 5c . On average, the RWI-and REQ-based water masses differ by about 1000 m in radial dimension.
A similar mass displacement can be observed when comparing the radial dimensions of the RWI-and REQ-based ice masses Dr RWI 3 ( Fig. 5d ) and Dr REQ 3 (Fig. 5e) . Due to the density contrast between ice and rock, the thickness of the Antarctic ice sheet is reduced by about 30 %. This can also be detected when considering the change in the maximum values of Dr Table 4 ).
Processing
In this section, the derived formulas for space domain GFM and SHA are applied to the topographic input data as preprocessed in the previous section.
In the first step, the RWI-and REQ-based topographic potential V RWI s and V REQ s of each mass layer is calculated. In order to utilize the least-squares SHA approach as described in Sect. 2.4, topographic potential values are needed for each node P ij r i ; u i ; k j À Á of an equally spaced grid as specified in Eq. (30), i.e.,
For this purpose, a grid with I ¼ 2700 parallels and J ¼ 5400 meridians is used, equivalent to a 4 0 Â 4 0 spatial resolution. According to Eq. (32), SH coefficients with a maximum degree of 2699 can then be derived, which is just within the numerical stability range of the Holmes and Featherstone (2002) ALF algorithm.
In the following, two variants for the reference surface of the grid are analyzed, a spherical and an ellipsoidal grid. As already done for creating the RWI_TOPO_2012 model (Grombein et al. 2014a ), a spherical grid with radius R ¼ a GRS80 þ 20 km is selected, which ensures that all grid points are safely outside the topographic masses. However, toward the poles, the radial distance between these spherical grid points and the ellipsoidal arranged topography rises up to 40 km.
As an alternative, an ellipsoidal grid is used for the new RWI_TOPO_2015 model. In this case, the semi-major and semi-minor axes of the used ellipsoid are set to a ¼ a GRS80 þ 20 km and b ¼ b GRS80 þ 20 km, where the second numerical eccentricity as needed for Eq. (31) can be obtained by e 02 ¼ ða 2 À b 2 Þ=b 2 . In contrast to the spherical surface, all grid points are approximately 20 km above the GRS80 surface. This places the grid nearer to the topographic masses in polar regions. In order to maintain an equiangular spacing for the SHA, the ellipsoidal grid is also parameterized in terms of geocentric spherical coordinates, thus preventing numerical instabilities as noted by Holmes and Pavlis (2007) .
For calculating the RWI-and REQ-based topographic potential values for each mass layer, Eqs. (19) and (23) have to be evaluated for 2700 Â 5400 ¼ 14580000 grid points P ij . According to the used topographic input data, for each grid point the gravitational effect of about 265 million tesseroids has to be calculated. This number consists of about 80 million tesseroids associated with rock masses, 160 million with water masses, and 25 million with ice masses (tesseroids with zero radial dimension are not considered).
As the computations for each grid point are independent of each other, techniques of parallel computing are most efficient. Thus, in order to handle the enormous computational demand of the GFM, a software optimized for parallel computing on high-performance computer systems has been developed using the message passing interface (MPI). Using parallel computations on 480 processors (Intel Xeon E5540, 2.53 GHz), a run-time of about 10 days is required for the calculation of each grid, spherical or ellipsoidal. Finally, the total RWI-and REQ-based topographic potential values fV RWI g ij and fV REQ g ij are obtained by Eqs. (22) and (26).
Taking the RWI-based topographic potential as an example, the difference in using the spherical and ellipsoidal grid for the SHA is analyzed in the following. In Fig. 6a , the GFM-derived topographic potential values fV RWI g ij are plotted in the case of the spherical grid. The topographic signal is systematically negative and ranges from about À27000 to À9000 m 2 s À2 . It shows mostly long-wavelength structures and is strongly dominated by the influence of the high mountain ranges of the Himalayan region and deep ocean trenches.
In Fig. 6b , the differences with respect to the ellipsoidal grid are illustrated. As both grids have the same geocentric radius for the case of the equator, the differences are nearly zero in this region. Toward the poles, the ellipsoidal grid provides a stronger signal, as its distance to the ellipsoidally arranged topographic masses is smaller. These differences reach extreme values of À40 to 90 m 2 s À2 and are negative for the oceans and positive for the continents.
By applying the least-squares SHA approach, both grids are used to obtain solid SH coefficients of the topographic potential up to d/o 2699, denoted as SHC_N2699_Sph_grid and SHC_N2699_Ell_grid. They refer to R = 6378136.3 m and are scaled by GM=R with GM ¼ 3:986004415 Á 10 14 m 3 s À2 . The software implementation for the SHA used is originally based on Seitz and Heck (1991) and has been further developed.
In order to investigate the differences of both sets of SH coefficients in the frequency domain, their (dimensionless) signal degree variances are evaluated as defined by Eq. (40), see below. As shown in Fig. 7 , the coefficients belonging to the spherical and ellipsoidal grid (blue and green curve) show a strong agreement over most of the spectrum. Although the signal of the coefficient differences (red curve) continuously rises with increasing degree n, its order of magnitude is considerably smaller compared to the signals of the absolute values. As illustrated in the close-up, significant differences of both SH coefficients can be detected for the highest degrees (n [ 2670). While initially the coefficients of the ellipsoidal grid provide slightly more energy, the degree variance abruptly drops by about half an order of magnitude. In contrast, the signal of the spherical grid remains of the same order of magnitude and only slightly decreases for the last few degrees.
To further analyze these differences in the space domain, the SH coefficients are used to derive gravity disturbances dg ¼ ÀoV=or based on Eq. (42), see below. The required SHS is performed for the spherical harmonic bands (SH bands) of 721-2670, 2671-2699, and 721-2699. Moreover, the gravity disturbances are evaluated on the surface of the GRS80 ellipsoid as well as on the spherical reference surface of the coefficients with R ¼ 6378136:3 m.
For the regional area of Europe, Fig. 8 illustrates the results from the SHS. In the first column, gravity disturbances on the GRS80 ellipsoid from SHC_N2699_Ell_grid are plotted. Beside the actual topographic signal as for example induced by the Alps, the plot for the SH band 721-2670 clearly shows artifacts in higher latitudes. These high-frequency oscillations are strongly amplified toward the poles and even reach amplitudes up to AE1700 mGal. The subsequent SH band 2671-2699 generates nearly identical oscillations of opposite sign. Therefore, in the case of the combined SH band 721-2699, these effects are completely removed, which makes the topographic signal also visible for polar latitudes.
In the case of SHC_N2699_Sph_grid (second column), this compensation due to the SH band 2671-2699 fails, so that latitude-dependent patterns remain in the complete SH band 721-2699. This clearly illustrates the different effect of the SH band 2671-2699, already visible in terms of the degree variances.
In contrast to the GRS80 ellipsoid, both sets of SH coefficients produce nearly the same results, when they are evaluated on the spherical reference surface (third and fourth Fig. 7 Degree variances of SHC_N2699_Sph_grid (blue curve), SHC_N2699_Ell_grid (green curve), and their coefficient difference (red curve). Note that the y-axis is plotted on a logarithmic scale column). In this case, no oscillations occur and the SH band 2671-2699 does not add any significant signal. In fact, the detected oscillations are not restricted to the European area as shown in Fig. 8 . Generally, they crisscross over both polar regions. Similar effects have also been observed in several publications (e.g., Holmes and Pavlis 2007; Claessens and Hirt 2013) and can be explained as follows:
As the field generating topographic masses are arranged on an ellipsoidal reference surface as defined by Eq. (3), the GFM-derived topographic potential values essentially generate an ellipsoidal harmonic model. Due to the applied SHA approach, this ellipsoidal model is then mapped to the spherical spectrum of spherical harmonics, which are basically only valid outside the used reference sphere with R = 6378136.3 m. When then evaluating these SH coefficients inside the reference sphere as in the case of the GRS80 ellipsoid where r\R, the high-frequency oscillations that occur can be associated with an erroneous downward continuation. This downward continuation is regulated by the term R=r ð Þ n in Eq. (42), showing that the effect (1) increases toward the poles and (2) is strongly amplified for higher degrees n.
While these downward continuation errors can be compensated by the coefficients of higher degrees when using the set obtained from the ellipsoidal grid (SHC_N2699_Ell_grid), this is not the case for the coefficients gained from the spherical grid (SHC_N2699_Sph_grid).
However, this means that similar to the Hotine-Jekeli transformation between ellipsoidal and spherical harmonic coefficients (Jekeli 1988) , the resulting SH coefficients (SHC_N2699_Ell_grid) of higher degrees are correlated with those of lower degrees. Therefore, to accurately represent the topographic potential on the GRS80 ellipsoid, the SH coefficients need to be evaluated up to its maximum degree N max ¼ 2699 and should not be truncated. From a practical point of view, however, it seems not to be feasible for all applications (or users) to perform a SHS up to such ultra-high degrees.
The investigation is repeated for the same 4 0 Â 4 0 ellipsoidal grid of topographic potential values, but restricting the SHA up to d/o 2190. By using the resulting degree-2190 SH coefficients, Fig. 9 shows comparable results to Fig. 8 , now using the SH bands 721-2160, 2160-2190, and 721-2190. Analogously, high-latitude oscillations of about AE100 mGal occur in the SH band 721-2160 that are compensated by the SH band 2160-2190, so that the combined SH band 721-2190 is free from any error. Thus, the same conclusions hold true for the case of the SHA up to d/o 2190.
In fact, the last few degrees generally seem to provide crucial information for an accurate SHS on the GRS80 ellipsoid, regardless up to which maximum d/o the SH coefficients are derived. Therefore, the coefficients should be evaluated up to their full resolution. Theoretically, this means that a separate set of SH coefficients would be needed for an accurate SHS up to a specific d/o, which is not practicable. As a compromise, the SH coefficients up to d/o 2190 are selected, thus matching the resolution of EGM2008 ) and dV_ELL_RET2014 . Note that both of these models are affected by the same issue and hence also need to be evaluated up to their full resolution. A separate set of SH coefficients for the REQ-based rock proportion is not defined as it is identical to RWI_TOPO_2015_Rock.
Results and Discussion
In this section, the SH coefficients of the RWI_TOPO_2015 model are analyzed and compared to the coefficients of the previous version RWI_TOPO_2012 and the rockequivalent version REQ_TOPO_2015. For this purpose, the (dimensionless) signal degree variances
are used in the frequency domain. Furthermore, to analyze effects in the space domain, the SH coefficients are used to derive global grids of different gravity field functionals by SHS. Being representative for various terrestrial and satellite-based applications, the following three commonly used functionals are evaluated:
1. The height anomaly that is derived by dividing the potential V according to Eq. (2) by the normal gravity c
2. The first radial derivative of the potential ÀoV=or, known as gravity disturbance
3. The second radial derivative of the potential o 2 V=or 2 , called the radial-radial gravity gradient
The height anomaly f and the gravity disturbance dg, mostly related to terrestrial applications, are evaluated on a 5 0 Â 5 0 grid on the surface of the GRS80 ellipsoid. The gravity Surv Geophys (2016) 37:937-976 957 gradient M 33 as measured by the GOCE gravity field mission is evaluated on a 5 0 Â 5 0 spherical grid at a mean satellite altitude of 254:9 km. The SHS according to Eqs. (41)- (43) is carried out by using an adapted version of the freely available harmonic_synth software (Holmes and Pavlis 2006 ) that also utilizes the ALF algorithm based on Holmes and Featherstone (2002) . While in the following sections the analysis and discussion exemplarily concentrates on the gravity disturbance dg, the additional results for the height anomaly f and the gravity gradient M 33 are presented in the Appendix.
RWI_TOPO_2015
In Fig. 10 , the spectral energy of the RWI_TOPO_2015 SH coefficients is shown by means of degree variances. With increasing degree n, the energy of the topographic signal (red curve) decreases from about 10 À7 to 10 À21 . As the new RWI_TOPO_2015 model offers separate SH coefficients for the rock, water, and ice proportion, there is the opportunity to have a more detailed look on the composition of the RWI-based topographic signal. Therefore, Fig. 10 additionally provides the corresponding degree variances for the SH coefficients of the rock, water, and ice components.
While for lower degrees (n\500) the topographic signal is mainly dominated by the water proportion (blue curve), the influence of the rock signal (green curve) becomes dominant for degrees higher than about 900. For n [ 2000, the topographic signal more or Fig . 10 Degree variances of RWI_TOPO_2015 (red curve), RWI_TOPO_2015_Rock (green curve), RWI_TOPO_2015_Water (blue curve), and RWI_TOPO_2015_Ice (yellow curve). Note that the y-axis is plotted on a logarithmic scale less coincides with the rock signal, while the water signal is about one order of magnitude smaller. This characteristic can be explained by the mass distribution of the Earth's rock and water masses as well as their spatial arrangement. On the one hand, there is much more water than rock masses, which results in a stronger water signal in the case of lower frequencies. On the other hand, the roughness of the oceanic water masses induced by the sea floor is much farer away from the used reference surface than the most highly variable rock masses. Therefore, a considerably smoother signal is induced by the water masses, resulting in a lower energy at higher spectral scales.
The ice proportion (yellow curve) only significantly contributes to the very low degrees, since its energy strongly decreases from 10 À7 to 10 À26 . At degree n ¼ 500, the ice signal is already four orders of magnitude smaller than the topographic signal; for n [ 2000, this gap even reaches seven orders of magnitude. Beside the actual mass distribution of the Earth's rock, water, and ice proportions, the behavior of the degree variances may also reflect the influence of differing spatial resolutions of the input topography for various regions, e.g., a lower resolution for most parts of the oceans, Antarctica, and Greenland.
In Fig. 11a , the topographic signal of the RWI_TOPO_2015 model is shown in terms of the gravity disturbance dg. Moreover, the corresponding statistics are presented in Table 5 Table 5 ). While positive values can be associated with rock masses above MSL, negative values indicate mass deficits below MSL. This can nicely be seen in Antarctica, where the bedrock surface, i.e., the interface between the rock and ice mass layer, is partially located above as well as below MSL, generating a highly variable signal ranging from about À200 to 500 mGal.
As mainly affected by the mass deficits of the oceans, the water proportion dg 2 provides a systematic negative contribution to the topographic signal that ranges from À818:907 to À67:594 mGal with a mean value of À360:327 mGal and a standard deviation of 168:477 mGal. The maximum value is reached in the area of Lake Baikal.
Having a closer look on Fig. 11b and c, it can be seen that the effects of rock and water masses are not restricted to the continents and oceans, but considerably superpose each All values are specified in [mGal] δg ( other. For example, over the Earth's continents, the water proportion dg 2 still causes longwavelength structures with signal strengths of about À200 to À130 mGal. This also explains the discrepancy of about 140 mGal between the maximum values of the total topographic and rock signal in Table 5 . Similarly, due to the large positive influence of the Himalayan region, the rock proportion dg 1 also contributes up to 40 mGal in the northern part of the Indian ocean. In contrast to rock and water, the effect of the ice constituent dg 3 (Fig. 11d) is basically limited to Greenland and Antarctica and has no significant influence on other regions. It provides considerably smaller magnitudes with a maximum value of 180:322 mGal, a mean value of 4:474 mGal and a standard deviation of 15:756 mGal.
To quantify the impact of the rock, water, and ice proportions, their percentage contribution to the RWI-based topographic signal per grid element is determined by
In Fig. 12 , the contribution p 2 is plotted globally, showing that the RWI-based topographic signal is strongly dominated by the water signal. With the exception of regions with high continental mountain ranges or larger ice sheets, the contribution of the water can globally be estimated to be above 50 %. For further analysis, Table 6 provides mean values p i averaged over different areas (global, land, oceans, Antarctica). On average, the water proportion contributes 86 % to the topographic signal, while the rock and ice masses have only a smaller impact of 12 and 1 %, respectively. When analyzing these values for land and oceans separately, the dominating effect of the water proportion becomes more visible. While for the oceans, it reaches nearly 100 %, its influence over land is still about twice as large as the rock signal (2=3 water to 1=3 rock signal).
Comparison to RWI_TOPO_2012
In order to see the improvement of the new topographic gravity field model, it is compared to its predecessor model RWI_TOPO_2012 (Grombein et al. 2014a) , in both frequency and space domains.
In Fig. 13a , the degree variances of the RWI_TOPO_2015 model (blue curve), its predecessor model (green curve), and the coefficient difference of both versions (red curve) is shown. With increasing degree n, the model of 2012 loses more spectral energy than the new model. At the maximum degree (N ¼ 1800), its energy is almost half an order of magnitude smaller and in the same range as the coefficient difference. The main reason for this behavior can be seen in the different spatial resolution of the used topographic input data (5 0 Â 5 0 DTM2006.0 vs. 1 0 Â 1 0 Earth2014). In the space domain, the comparison between both models allows a more differentiated analysis (see Fig. 13b ; Table 7 ). Note that both models are evaluated up to their maximum degree, with N ¼ 1800 for the 2012 model and N ¼ 2190 for the 2015 model. The differences reach amplitudes of about AE400 mGal with a mean value of 5:981 mGal and a standard deviation of 9:914 mGal. The maximum values can be detected in regions with highly variable topography, such as the Himalaya, the Andes, and the Rocky Mountains. This is a consequence of both, the refined spatial resolution of the used topographic data and the increased maximum degree of the new RWI model. In contrast, for most of the remaining continental parts except from Greenland and Antarctica, the differences are nearly zero as the topographic model of both RWI versions is based on the same SRTM data.
For the oceans, the differences are in a range of AE200 mGal and basically reflect the regionally refined bathymetric depths of the Earth2014 topographic model (cf. Fig. 4 in Sect. 4). Moreover, the global mean value of the difference is strongly affected by a systematic positive offset of about 8-10 mGal that can be observed in the oceans. This is a consequence of the modified ocean water density from 1000 to 1030 kg=m 3 (cf. Table 2 ). [mGal] Fig. 13 a Degree variances of RWI_TOPO_2015 (blue curve), RWI_TOPO_2012 (green curve), and their coefficient difference (red curve). Note that the y-axis is plotted on a logarithmic scale. b Difference of the RWI_TOPO_2015 and RWI_TOPO_2012 topographic signal in terms of gravity disturbances dg evaluated on the surface of the GRS80 ellipsoid. Robinson projection centered at 0 longitude All values are specified in [mGal] The newly determined bedrock surface in Antarctica and Greenland incorporated in the Earth2014 causes considerable differences with maximum values up to 350 mGal.
Comparison to REQ_TOPO_2015
In order to realize the significance of the more sophisticated RWI approach, the new RWI_TOPO_2015 model is compared to the consistent REQ_TOPO_2015 version based on a conventional rock-equivalent approach.
As can be seen in Fig. 14a , the degree variances of both models are in good agreement and show nearly the same behavior (blue and green curve). The signal of the coefficient difference (red curve) is about two to three orders of magnitude smaller.
For the mid-and high-frequencies between degree 500 and 1700, the SH coefficients of the rock-equivalent version provide slightly more energy. This effect is due to the geometry changes induced by the rock-equivalent condensation and can be explained more accurately when looking at the degree variances for the water and ice constituents separately, see Fig. 14b and c. While the water REQ-signal generates more energy than the corresponding water RWI-signal for the mid-to high-frequencies, this is contrasted in the case of the ice signal. Due to the rock-equivalent condensation, the sea floor is effectively moved upward (cf. surface. Due to the distance dependency of gravity, a stronger signal is induced, so that the water proportion provides more energy. In contrast, in the case of the ice masses, the condensation causes a larger distance of these masses to the reference surface. As the water signal has more influence than the ice signal, the REQ-based topographic signal provides more energy than the RWI-based one. The space domain difference of the RWI and REQ model, as plotted in Fig. 14d , shows the effect of the geometry changes and mass displacements. The magnitude of these differences strongly depends on the ratio between the actual mass density (water or ice) and the constant rock density value used for the condensation.
The differences are nearly symmetrically distributed around the zero mean value and have a standard deviation of 1.916 mGal (cf. Table 8 ). While the extreme values of -46.723 and 36.410 mGal are attained in the oceans, the ice condensation in Greenland and Antarctica causes maximum amplitudes of about ±15 mGal. The condensation effect of the ocean water masses also causes differences of a few milligal in coastal areas, up to -10 mGal in the case of Big Island (Hawaii) that is surrounded by a deep ocean.
In order to estimate the effect of the RWI-REQ difference for different kind of terrestrial and satellite-based applications, it is calculated as a function of the ellipsoidal height h above the GRS80 ellipsoid, ranging from 0 to 600 km in steps of 5 km. For this interval, Fig. 15 illustrates the behavior of the range and the standard deviation of the RWI-REQ difference for the height anomaly f, the gravity disturbance dg, and the gravity gradient M 33 . As the differences are nearly symmetrically centered on zero in the case of all functionals, the range value also provides an impression of the maximum amplitudes.
In Fig. 15a , the range is plotted for the height anomaly f. While a maximum range of 1.2 m is reached on the GRS80 surface (h ¼ 0 km), it strongly decreases to about 0:4 m at h ¼ 100 km. From there on, the range of the RWI-REQ difference stays at nearly the same order of magnitude of a few decimeters. The standard deviation of the height anomaly f as shown in Fig. 15b decreases relatively uniformly from 13 to 8:5 cm. Generally, it can be seen that the RWI-REQ difference has a large influence on the height anomaly f compared to the goal of cm to mm accuracy in different applications.
In the case of the gravity disturbance dg (Fig. 15c ) and the gravity gradient M 33 (Fig. 15d) , the range and standard deviation are both shown in the same panel. Furthermore, they are plotted on a logarithmic scale. For dg, the range (blue curve) and standard deviation (green curve) show nearly the same decreasing behavior for an increasing ellipsoidal height. For the GRS80 surface and lower altitudes up to a few kilometers, the range and standard deviation of the RWI-REQ difference stay above the level of 1 mGal. Thus, the difference provides significantly larger magnitudes compared to the accuracy of a few microgal in the case of terrestrial and airborne gravimetry applications. Even in the All values are specified in [mGal] case of a GRACE (Gravity Recovery And Climate Experiment) satellite orbit of about 450-500 km, the differences still reach magnitudes of 3 Â 10 À1 mGal (range) and 7 Â 10 À2 mGal (standard deviation). For the gravity gradient M 33 as illustrated in Fig. 15d , range and standard deviation again show a comparable behavior. Considering a GOCE satellite altitude of about 250 km, the RWI-REQ difference provides a range of 45 mE (blue curve) and a standard deviation of 4 mE (green curve, 1 mE ¼ 10 À12 s À2 ). Not before h ¼ 600 km, the standard deviation reaches the level of the GOCE measurement accuracy of 1 mE. Therefore, as already mentioned in Grombein et al. (2010 Grombein et al. ( , 2014a , the difference between the RWI and REQ method can reach significant amplitudes even at the GOCE satellite orbit.
To summarize the findings obtained from Fig. 15 , it should be noted that the RWI-REQ difference reaches significant magnitudes in the case of various terrestrial, airborne, and satellite-based applications. Therefore, a more sophisticated modeling as provided by the RWI approach should be considered when calculating topographic effects.
Validation
In order to assess their performance, the new RWI_TOPO_2015 model, its predecessor model RWI_TOPO_2012, and the rock-equivalent version REQ_TOPO_2015 are validated against the gravity information of current GGMs. For this validation, the high- resolution EGM2008 model (Pavlis et al. 2012 ) and the latest GOCE GGM based on the time-wise approach GOCE TIM R5 model (Brockmann et al. 2014 ) are used. EGM2008 combines satellite-based gravity information of the GRACE satellite mission with terrestrial, airborne, and altimetric-derived gravity data that are partially supplemented with topography-implied gravity information. In contrast, GOCE TIM R5 is a satellite-only GGM providing homogeneous and independent gravity information. This model is based on the observations of the complete GOCE mission lifetime and supplies SH coefficients up to d/o 280.
To compare the performance of different global models, a wide range of assessment tools have been developed (e.g., Tscherning 1985; Rummel et al. 1988; Hirt et al. 2012; Tsoulis and Patlakis 2013) . A commonly used performance indicator is the degree correlation (cf. Rummel et al. 1988, p. 21 ) that allows a direct comparison between two models in the frequency domain. However, as noted by Tscherning (1985) and Tsoulis and Patlakis (2013) , the correlation is not suitable to detect different scale factors in the models.
To overcome this disadvantage, the percentage agreement is introduced as
where (C Topo nm ; S Topo nm ) are the SH coefficients of the topographic gravity field model to be evaluated, (C GGM nm ; S GGM nm ) those of the reference GGM, and r n denotes the square root of the coefficients' degree variances according to Eq. (40) . This indicator is the complement of the percentage difference as used by Rummel et al. (1988, p. 20) and is similar to the smoothing per degree as defined by Tscherning (1985) .
In Fig. 16 , the percentage agreement of RWI_TOPO_2012, RWI_TOPO_2015, and REQ_TOPO_2015 with respect to EGM2008 is illustrated. As the topographic potential does not contain the gravitational impact of the whole Earth's mass, no agreement between the topographic gravity field models and EGM2008 can be detected for lower frequencies (n\100). In the subsequent SH band, the percentage agreement of all three models continuously rises and reaches a level of about 55 % at degree n ¼ 500; only some minor differences between the models can be seen. At degree n ¼ 900, a considerable jump to higher agreements above 60 % can bee seen. This can be explained by the compilation of the gravity data set used for generating EGM2008. For larger parts of the continental areas, the available gravity data was of proprietary nature. For this reason, they were only used up to d/o 900 and supplemented by topography-derived gravity values beyond this degree (cf. Fig. 16 Percentage agreement PAðnÞ of RWI_TOPO_2012 (blue curve), RWI_TOPO_2015 (green curve), and REQ_TOPO_2015 (red curve) with respect to EGM2008 Pavlis et al. 2013) . Therefore, this jump, which is also visible in the degree variances of EGM2008, nicely marks the beginning of topographic information incorporated into EGM2008.
Beyond n ¼ 900, the percentage agreements start to diverge and significant differences are visible for the three models. In contrast to both RWI models, the REQ version provides a considerable lower agreement to EGM2008. This is remarkable, since EGM2008 only uses topography-derived gravity values over some land areas, where both approaches (RWI and REQ) provide the same signal. Therefore, the higher agreement suggests a better fit of the RWI-based topographic signal to the measured gravity data included in EGM2008. This clearly highlights the benefit of the RWI approach compared to the conventional REQ method.
For n [ 1000, the percentage agreements gradually decrease for all models. While a stronger decrease can be detected for RWI_TOPO_2012 toward its maximum degree (N max ¼ 1800), the offset between the new RWI and REQ models is nearly constant (about 5 %). For the last SH band 2160-2190, the percentage agreements drop abruptly, which can be explained as follows: Although the new RWI/REQ models and EGM2008 have the same maximum degree of N max ¼ 2190, the latter is only complete to d/o 2159, containing some additional coefficients up to degree 2190 and order 2159 (cf. Pavlis et al. 2012) .
In order to further quantify the improvement of the new RWI_TOPO_2015 model, Table 9 presents mean values of the percentage agreements for the SH bands 100-500, 500-900, 900-1800, and 1800-2160. For each of these SH bands, the RWI_TOPO_2015 model consistently provides the largest values. Its advantage is particularly emphasized in the SH band 900-1800. In this band, the improvement of RWI_TOPO_2015 can be quantified by about 7 and 10 % compared to RWI_TOPO_2012 and REQ_TOPO_2015, respectively.
For the purpose of an additional validation in the space domain, the SH coefficients of the topographic gravity field models and the GGM are used to synthesize gravity disturbances dg. Instead of performing the SHS for each degree separately, narrow SH bands of five degrees 5k þ 1; 5ðk þ 1Þ ½ with k 2 N are utilized, i.e., 6-10, 11-15, 16-20 . The use of such SH bands is common practice in order to prevent that the signal of the applied assessment indicator is affected by noisy oscillations (cf. .
In analogy to Eq. (45), the consistency rate of both models for the k-th SH band is introduced as
where the gravity disturbances of the k-th SH band of the topographic gravity field model and the GGM are denoted by dg Topo k and dg GGM k , respectively. Such a kind of indicator was also used by Grombein et al. (2014a) to detect the degree of smoothing of topographically isostatically reduced GOCE gravity gradients. An advantage of a space domain assessment is that the analysis can be restricted to different areas. Such a subdivision is carried out for the validation with respect to the GOCE TIM R5 model. Figure 17 shows the results for the consistency rate separated by different areas (global, land, oceans, Antarctica) . In all cases, the calculation is limited to grid values with a latitude juj\83:3 . This excludes data points not captured by the GOCE satellite due to its orbital inclination of 96:7 . Generally, as can be seen from the global results in Fig. 17a , maximum consistency rates of up to 35 % are reached. Analogous to the validation with respect to EGM2008, no or only smaller consistency can be observed for lower frequencies. Due to an increasing signal-to-noise ratio, the SH coefficients of higher degrees cannot properly estimated by the GOCE measurements (cf. Brockmann et al. 2014) . Therefore, lower consistency rates are also visible for higher frequencies.
In the case of land areas shown in Fig. 17b , all three topographic gravity field models provide quite similar consistency rates and only some minor differences can be detected. This can be expected, as (1) all three models are based on the same SRTM elevation data and (2) the RWI and REQ approaches produce the same signal in the case of rock masses.
Concerning the oceans, displayed in Fig. 17c , a nearly systematic offset between the consistency rates of the new RWI and REQ model can be seen. In comparison to the REQ model that is based on the improved bathymetric depths contained in Earth2014, the RWI_TOPO_2012 model shows a quite good performance. That suggests that in the case of the oceans the choice of the approach (RWI vs. REQ) even has a larger influence than the used topographic input data (DTM2006.0 vs Earth2014). In Fig. 17d , the results for Antarctica are illustrated. In contrast to the former RWI model, both new RWI and REQ models provide significantly larger consistency rates over most of the spectrum. This impressively demonstrates the improvement of the new Bedmap2 data incorporated in the Earth2014 topography model in comparison to Beadmap1 data used for DTM2006.0.
Conclusions and Outlook
In this paper, a new spherical harmonic representation of the Earth's topographic gravitational potential up to degree and order 2190 has been presented. The topographic gravity field model RWI_TOPO_2015 is based on a refined Rock-Water-Ice approach that accounts for a rigorous separate modeling of the Earth's rock, water, and ice masses. While the predecessor model RWI_TOPO_2012 was based on the 5 0 Â 5 0 global topographic database DTM2006.0, the new RWI model uses height information of the 1 0 Â 1 0 Earth2014 topography suite. For the processing of RWI_TOPO_2015, GFM is performed in the space domain by using tesseroids. To correctly locate these mass bodies in space, a GRS80 ellipsoidal reference surface is utilized that is extended by an additional geoid model. The gravitational effect of each mass layer (rock, water, and ice) is calculated separately, applying layer-specific density values. In order to obtain SH coefficients, a global grid of GFMderived topographic potential values is transformed to the frequency domain by using SHA based on a least-squares technique.
As has been shown, to correctly represent these topographic potential values by spherical harmonics, it is essential to consider an ellipsoidal calculation grid for the SHA, particularly when deriving coefficients up to higher degree and order. Furthermore, to ensure an accurate SHS in the polar regions, the coefficients of the new RWI model need to be evaluated up to their full resolution and should not be truncated.
Beside SH coefficients for the total RWI-based topographic potential, separate coefficients for the rock, water, and ice components have been determined. By analyzing these SH coefficients in the frequency and space domain, the strongly dominating effect of the water proportion becomes visible.
For comparison, a consistent rock-equivalent version called REQ_TOPO_2015 has been generated, in which the heights of water and ice masses are condensed to a constant rock density. By comparing the topographic signal of the RWI and REQ model in terms of various gravity field functionals, differences with significant magnitudes can be detected in the case of terrestrial, airborne, and satellite-based applications.
To assess the performance of the RWI_TOPO_2015 model, a validation by gravity information of the high-resolution EGM2008 and the satellite-only model GOCE TIM R5 has been carried out. This evaluation impressively demonstrates (1) significant improvements of the new RWI model compared to its predecessor model RWI_TOPO_2012 and (2) the benefit of the RWI approach compared to the conventional rock-equivalent condensation as used for REQ_TOPO_2015.
As described in the introduction, the RWI model can be used for various applications in geodesy and geophysics. For this purpose, the SH coefficients of different model variants are freely available from the website https://www.gik.kit.edu/rwi_model.php and via the database of the International Centre for Global Earth Models (ICGEM, http://icgem.gfzpotsdam.de/ICGEM).
As future work, a detailed comparison of the new RWI and REQ models to the topographic potential model dV_ELL_RET2014, which also relies on the Earth2014 topography, but uses a frequency domain GFM, is in progress and will be subject of a further publication.
(a) [E] (b) [E] (c) [E] [mE] Fig. 21 Difference of RWI_TOPO_2015 to a RWI_TOPO_2012 and b REQ_TOPO_2015 in terms of the gravity gradient M 33 evaluated on a spherical grid at a mean GOCE satellite altitude (254:9 km). Robinson projection centered at 0 longitude 
